Abstract: China's seas cover nearly 5 million square kilometers extending from the tropical to the temperate climate zones and bordering on 32,000 km of coastline, including islands. Comprehensive systematic study of the marine biodiversity within this region began in the early 1950s with the establishment of the Qingdao Marine Biological Laboratory of the Chinese Academy of Sciences. Since that time scientists have carried out intensive multidisciplinary research on marine life in the China seas and have recorded 22,629 species belonging to 46 phyla.
Introduction
China occupies the eastern part of the Eurasian continent adjacent to the western Pacific Ocean, including its marginal seas-the Bohai Sea, Yellow Sea, East China Sea, and South China Sea. The Chinese coastline of 32,000 km includes the coastlines of 6,500 islands. The coastline of mainland China runs 18,000 km from the mouth of the Yalu River on the China-Korea border in the north, to the mouth of the Beilun River on the China-Vietnam border in the south. The China seas cover an area of 4.73 million square kilometers across three climate zones-the temperate, subtropical, and tropical-from 3u to 41uN latitude [1] .
The coastline features are affected by monsoon winds and Pacific tidal waves and currents and by several large rivers, including the Huanghe (Yellow River), Changjiang (Yangtze River), and Zhujiang (Pearl River). A corresponding variety of coastal ecosystems includes the vast area of flat coasts with either sandy beaches and barriers or wide tidal flats in northern China, indented coasts in the mountainous and hilly areas mainly in southern China, deltas and estuaries, coral reefs and mangroves, as well as seagrass fields and algal beds.
The coastline of China can be classified into two major types: the bedrock-embayed coast and the plains coast. The distribution of these types is controlled by geological and tectonic features, particularly zones of uplift and subsidence. The sedimentary processes of the coast of China are greatly affected by the large rivers (e.g., the Pearl, Yangtze, Yellow, Haihe, Liaohe, Yalu, and Heilong) that deliver enormous amounts of sediment. This sediment is redistributed by monsoon waves and tidal currents. Within tropical and subtropical climate zones, the growth of mangroves and corals is also an important factor in coastline formation-the biogenic coast [1, 2] .
Geological features of the China seas
The bottom geomorphology of the China seas becomes deeper from northwest to southeast. The continental shelf of the China seas is one of the widest in the world, embracing all of the Bohai and Yellow seas, two-thirds of the East China Sea, and more than half of the South China Sea. The shelf on the east coast of Taiwan is narrow, just over 10 km at the widest point. Below the continental shelf, the continental slope of the East China Sea off the east coast of Taiwan merges with the abrupt and narrow steps of the slope and the trough in the South China Sea. The continental slope of the South China Sea ranges in depth from 800
. The water temperature is about 20uC at a depth of 100 m and 18uC at 200 m. Generally, there is no regularity to seasonal changes in the main stream. In certain years, the current is stronger in winter than in summer, but in other years, it may be stronger in summer and autumn or it may not change from summer to winter. However, the branch currents exhibit distinct seasonal variation. The maximum speed of the Tsushima Current is observed in September and the minimum in February. The Yellow Sea Current and the Taiwan Current are also generally stronger in winter than in summer. On these currents, a great number of warm-water marine species are transported from their tropical center to the north and expand their distribution ranges.
The coastal current systems consist of the Yellow Sea coastal current and the East China Sea and South China Sea coastal currents. The first of these is a brackish water current of low salinity (also low temperature in winter) flowing along the coasts of Shandong and Jiangsu provinces. It issues from Bohai Bay, flowing seasonally along the north coast of Shandong Peninsula. After turning south and westward from the Chengshan Cape and flowing along the Shandong coast, it turns south from the Haizhou Bay and flows to the north of the Yangtze River estuary and then turns southwest. From there, one part of the Yellow Sea coastal current joins the Yellow Sea Warm Current, and the other part joins the East China Sea coastal current at a speed of less than 25 cm sec 21 . The East China Sea coastal current is a mixture of freshwater streams from the Qiantang and Minjiang rivers with low-salinity waters. The water in this current is characterized by high turbidity, large annual swings in temperature, and a speed of about 25 cm sec 21 . The direction of the current changes seasonally from southward with the wind direction in winter to northward or to northeastward in summer. The coastal current transports temperate cold-water drifting species to the northern coast of the South China Sea.
The South China Sea coastal current flows from the area west of 116uE along Guangdong Province. It is characterized by low salinity (only 12 ppt in summer) and high speed, which averages 25 cm sec 21 near the Pearl River estuary. The highest speed is 70 cm sec 21 . The current changes direction seasonally, flowing southwestward to Zhanjiang in winter and southward along Leizhou Peninsula before dividing into two branches. One branch flows southwest along the Hainan coast while the other turns northeast, forming Zhanjiang gyre, and flows to the northeast in summer.
The seasonal variation of coastal currents is influenced by the continental streams and also by monsoons. From November to February, coastal currents are affected by the strong north winter monsoon. The north-south wind is strongest and broadest. In the transfer period from March to May, the southward-flowing coastal current weakens and shrinks in Hangzhou Bay. During the southern monsoon from June to August, the southward-flowing coastal current weakens. South of Hangzhou Bay, the coastal currents of the East and South China seas mix with the offshore warm current system and flow northward. In September and October, the direction of monsoon changes from north to the south, and the southward flow of winter coastal current strengthens and expands [4] [6] .
The Bohai Sea: China's Inland Sea
The Bohai Sea is the northernmost part of the China seas (37u079-41u09N, 117u359-121u109E) and covers an area of 78,000 km 2 . It is enclosed by the North China Plain and is bordered by Liaoning, Hebei, and Shandong provinces and the city of Tianjin. It lies between the Liaodong and Shandong peninsulas and is connected with the Yellow Sea through the Bohai Strait between the Laotieshan Cape of Lushun Harbor in the north and the Penglai Cape in the south. The strait has a width of 59 nautical miles and includes about 30 scattered islets-the Miaodao Islands (with eight major islands). About 95 percent of the total area is a shallow sea of less than 30 m depth and an average depth of 18 m. The area of deepest water (86 m) is in the Laotieshan Channel [1] .
Physical features of the Bohai Sea may be divided into five natural parts: the Bohai Bay in the northwest, the Liaodong Bay in the north, the Laizhou Bay in the south, the central basin, and the Bohai Strait in the east. The seafloor slopes gently toward the strait at 0u09280. Six channels for water exchange are found between the main islands along the strait. The northernmost of them, the Laotieshan Channel, is the main route by which the Yellow Sea Warm Current enters the Bohai Sea.
Hydrographic characteristics of the Bohai Sea are influenced mainly by the continental weather. The average water temperature is only 11uC, ranging from 0 to 21 degrees (Figure 2 ). Water temperatures are lowest in February and highest in August. Except for Qinhuangdao and Huludao harbors, a wide area of marginal ice is found in winter in the coastal zone. The predominantly low salinity of Bohai Sea water results from the freshwater discharged by many rivers, including the Huanghe (Yellow River), Haihe, Lanhe and Liaohe rivers. Eurythermal elements of the warmwater and temperate fauna and flora and low-salinity species dominate the area [7, 8] .
The Yellow Sea
The Yellow Sea is a semi-enclosed shallow sea situated between the northern part of mainland China and the Korea Peninsula (31u409-39u509N, 119u359-126u509E). The sea is bordered on the west by the North Jiangsu Plain and Shandong Peninsula, on the east by the Korean Peninsula, and on the north by Liaodong Peninsula. The sea covers an area of about 380,000 km 2 , the deepest part of which is in the southeast with a depth of about 140 m. The sea may be divided into north and south parts by a line from the Chengshan Cape, China, to the Changshanchuan Islands, Korea. The North Yellow Sea is semi-enclosed by the Shandong and Liaodong peninsulas in the west and north and by the Korean Peninsula in the east. It covers an area of about 80,000 km 2 at an average depth of 38 m. The deepest area of the North Yellow Sea is in the southwest, off Bailingdao Island. The South Yellow Sea borders the East China Sea along a line from the mouth of the Yangtze River to Cheju Island. The South Yellow Sea covers about 300,000 km 2 at an average depth of 45.3 m. It is deepest in the Yellow Sea Trough, with a maximum depth of 140 m in the north, off Cheju Island. The bottom slopes gently downward to the southeast toward the central area.
The Yellow Sea connects with the East China Sea on the south and with the Sea of Japan through the Korea Strait in the southeast. The bottom topography is open and slopes gently from the continent toward the southeast at 0u019210. The bottom sediment is silt and ooze from continental rivers [1, 9] .
Hydrographic characteristics of the Yellow Sea are influenced mainly by the continent, particularly in the western part, where the temperature, salinity, and current show distinct seasonal changes. Annual variation of water temperature in the Yellow Sea is less than that in the Bohai Sea and ranges between 1-4uC in winter ( Figure 2 ) and 24-28uC in summer. The salinity averages 32 ppt.
In the central, deeper part of the Yellow Sea, a mass of lowtemperature cold water forms in winter by vertical mixing under strong wind. It remains in a bottom layer under the thermocline at 15-30 m depth in summer ( Figure 3 ) [10] . The low-temperature conditions of the Yellow Sea Cold Water Mass protect the coldwater fauna, such as Calanus sinicus [11] (Figure 4) . A temperate biocommunity dominates the Yellow Sea deeper water and results in a high biodiversity of local bottom fauna in the midlatitude shallow Yellow Sea. It has supported the formation and sustainable development of the north Pacific temperate fauna from the late Pleistocene to the present day. Important fishing activities are carried out in the Yellow Sea. Such is the case of the cold-water fish Clupea pallasi (170,000 tons in 1972) and of Gadus macrocephalus (50,000 tons in 1958) [7] ; these resources have declined seriously in recent years and annual production has decreased to only a few thousand tons [12] . At the same time, recent change in trophic structure of the ecosystem and an increase of fishing effort have resulted in the increased catch of another small cold-water fish-the Pacific sandlance, Ammodytes personatus, the annual catch of which in 1999 drastically increased to 500,000 tons. It is a pity that overexploitation decreased the catch to 226,000 tons in 2004, and further to 146,000 tons in 2009 [13] .
The East China Sea
The East China Sea is a marginal sea of the north Pacific, surrounded by China on the continent and by Taiwan, the Korea Peninsula, Japan, and the Ryukyu Islands. It connects with the Sea of Japan through the Tsushima and Korea straits and with the South China Sea through the Taiwan Strait. The sea is 1,300 km long and 740 km wide, covering an area of about 773,700 km bays, harbors, and islands, of which the Zhoushan Archipelago is well known. More than half of China's islands are in the East China Sea [1, 14] .
A number of rivers including the largest river in China, the Changjiang, or Yangtze, pour into the East China Sea. Principal rivers besides the Changjiang are the Qiantang, Oujiang, and Minjiang. Because of this freshwater input, the East China Sea has a vast area of low-salinity water on the shelf in the coastal zone. This area of high biological diversity and productivity includes important fishery resources that have long been exploited [15] .
The frontal zone of the Kuroshio Warm Current and the Yangtze brackish water forms a spawning and nursery ground for several species of economically important fishes. The well-known Zhoushan and Shengsi Fishing Grounds of the bighead hairtail, the large and small yellow croaker, and the cuttlefish are all located in this area around the Yangtze River estuary.
The South China Sea
The South China Sea is one of the largest marginal seas of the western Pacific Ocean, with a surface area of 3.5 million km 2 and an average depth of 1,212 m. It extends across the tropical and subtropical zones, with an average annual precipitation of 2,000 mm. A large amount of freshwater enters the sea from the Zhujiang (Pearl River) in the north and from the Meikong River in the southwest. The South China Sea connects with the East China Sea, the Pacific Ocean, the Sulu Sea, the Java Sea, and the Indian Ocean through the Taiwan, Bashi, Balabac, Karimata, and Malacca straits, respectively. These straits are all narrow and shallow, except for the Bashi Channel, whose maximum depth exceeds 2,000 m. Consequently, the South China Sea is a semienclosed body of water. The bottom topography of the South China Sea is complex. Wide continental shelves appear in the north and in the south; steep slopes in the east and in the west. The 200 m isobath encloses a rhomboid basin elongated to the northeast. The Luzon, Manila, and Nansha troughs are distributed on the east slope, while the Dongsha, Xisha, Zhongsha, and Nansha islands rise from the underwater plateaus. A strong northeastward winter monsoon and a weaker southwestward summer monsoon may lag for up to three months from the south to the north. During the transitional period between winter and summer monsoons, different controlling wind fields may coexist at the sea surface [16] . The complicated geological structure of the South China Sea includes a diversified bottom geomorphology; the continental shelf is distributed along the continent and an island arch. The continental shelf is widest from the northwest to the southwest and narrowest from east to west. Next to the continental shelf in the South China Sea is the stepped continental slope followed by a distribution of deep troughs and canyons. Next to the slope is the central basin with a depth of more than 3,500 m. The South China Sea central basin, located at the slope between the Zhongsha and Nansha islands, is a wide plain with a maximum depth of 5,377 m. In the basin, there are sea dunes and seamounts [1, 4, 16] .
The biodiversity of the Chinese cold-water marine biota is not as high as that of the neighboring Japanese waters, and the biodiversity of the warm-water elements is distinctly lower than that of the Philippines-Indonesia-New Guinea triangle-the world center of tropical marine biota. Nevertheless, Chinese marine fisheries production-from both captive fisheries and mariculture-has surpassed that of all other countries since the end of the last century. The serious overexploitation of living resources has decreased the marine biodiversity, collapsed some of the major natural fish and shrimp stocks, and inhibited the sustainable development of marine fisheries. Further efforts should be made to conserve and breed them effectively [8] .
Rapid development of coastal agriculture in China has caused an increase in the organic nitrogen and phosphate salt content of coastal waters. Eutrophication of coastal and embayment waters has induced harmful algal blooms of diatoms and dinoflagellates. The red tide hazards in eastern and northern China have resulted in mass mortality of natural and cultured fish or/and shellfish populations and great economic damage [17] [18] [19] .
Methods

Research units (laboratories) and survey ships
Before the liberation and the establishment of the People's Republic of China, there was almost no marine science research, and only a few biologists studied fish, invertebrate, and protozoan groups. Research centers were mainly in Qingdao, Shanghai, Xiamen, and [8, [20] [21] [22] , and the Xisha and Nansha islands comprehensive oceanographic expeditions in the 1970s and 1985-1990s by the Chinese Academy of Sciences [23] .
Generally speaking, the micro-and megaplankton groups of marine biota, as well as macrobenthos and nekton groups, have been better and more intensively sampled than the picoplankton and meio-and microbenthos groups in China seas, particularly on the shelf. In contrast, lack of deep-sea sampling facilities and equipment has prevented sampling and study of deep-sea fauna. Marine research institutions of China are located mainly in Qingdao, Xiamen, Guangzhou, Shanghai, Hangzhou, and Beijing. Table S1 lists the principal marine science research units in China, while Table S2 provides a list of the scientists working on biodiversity, taxonomy, and systematics of marine biota in China. Table 1 shows the Chinese research vessels that are equipped with biological sampling equipment such as bottom samplers, including grabs, box corers, dredges, and trawl nets.
Taxonomy and biodiversity studies
A great number of marine biological specimens (fishes, invertebrates, protozoans, micro-and macroalgae) have been collected by the Marine Biological Laboratory and the IOCAS marine biodiversity and resource research group along the China coasts since 1950. Taxonomic experts have identified specimens of various groups of phyto-and zooplankton and zoobenthos, as well as pelagic and demersal fishes, to species category by taxonomy and biodiversity studies and for analysis of faunal and floral communities and ecosystems. Research fields cover the major groups of marine biota, including micro-and macroalgae (Cyanophyta, Diatomeae, Phaeophyta, Rhodophyta, Chlorophyta), seagrasses and mangroves; the protozoan kingdom including phyla Ciliophora, Foraminifera, Radiolaria, Dinozoa; invertebrates from the phyla Porifera, Cnidaria, Trematoda, Annelida (Polychaeta), Bryozoa, Entoprocta, Phoronida, Brachiopoda, Sipuncula, Echiura, Mollusca, Crustacea, Chaetognatha, Hemichordata, Urochordata (Tunicata), Chordata; as well as the subphyla Cephalochordata and Vertebrata, including fish classes and Mammalia. Results
Biodiversity of marine life of the China seas
The seas surrounding mainland China and its southern islands and reefs span 38 degrees of latitude (3u-41uN) from the tropical to the warm-temperate climate zones and include the widest continental shelf in the Eastern Hemisphere. Under the influence of the strong Kuroshio Warm Current, the South China Sea Warm Current, and the Taiwan Warm Current, the water temperature of the East and South China seas is comparatively high, warmer than 14-16uC in coastal areas in winter. The marine flora and fauna of the China seas are rich in warm-water species comprising tropical and subtropical elements of the Indo-West Pacific Biotic Region with high dominance of some endemic and economically important species, mainly endemic to the East China Sea and neighboring waters. The tropical Indo-Malaysian biotic elements that are transported by these warm currents originated in the south, while the cold-water species came from the north and dominate deeper parts of the Yellow Sea Cold Water Mass under the thermocline at the 15-30 m layer in summer. Thus, the China seas are characterized by high biodiversity (Table 2) , including particularly rich tropical and subtropical elements in the East and South China seas and temperate biota in the Yellow and Bohai seas. However, fewer cold-water species are found in the Yellow Sea than in waters off northern Japan, which are dominated by the strong Oyashio Cold Current, while the number of tropical elements found in the South China Sea is less than that recorded in the Luzon-New Guinea-Indonesia triangle area-the center of tropical Indo-West Pacific Biota. Low temperatures in winter have limited the survival of warm-water species, resulting in low biodiversity. Therefore, among a total of 22,629 Chinese marine species, only 1,607 species live in Yellow Sea (Table 3) . It is noteworthy that the strong Tsushima Current brings some warmwater species and flows along the west coast of Honshu in the Sea of Japan north to the Tsugaru Strait [8] . Consequently, the number of warm-water species in the eastern Sea of Japan is much more than in the western Russian Siberian waters, where the marine fauna is cold temperate, while the majority of the eastern Japanese fauna is warm temperate. In addition, the number of species in China's seas increases distinctly from the north to the south-from high to low latitude (Tables 4 and 5, Figure 5 ).
Characteristics of marine fauna and flora of the China seas 1.Tropical fauna of the South China Sea. Scleractinian corals and coral reef-communities in the southernmost coast of Hainan and South and East Taiwan Island are well developed to form fringing reefs with rich benthic communities; while the coral reef atolls in the southern and mid part of the South China Sea Islands-the Dongsha (Pratas), Xisha (Paracels), and Nansha (Spratlys) islands-are basically tropical (stenothermal).
In waters adjacent to southern to southernmost Hainan Island and south and east Taiwan coasts, tropical species of scleractinian coral and reef communities increased, and well-developed fringing coral reefs were recorded. Tropical elements including six species of tridacnid mollusks and two species of Fimbridae; in addition, Pedum spondyloidesum, Anomiostreum corliophyla, Codakia tigerina, Ovula ovuma, and species of Cypraeidae and Conidae have been recorded. Echinoderms from tropical South China Sea include, for example, Toxopnustas pilealus, Actinopyga mauritiana, Holothuria arta, Culcita novaeguineae, Linckia laevigata, and Stichopus chloronotus. The following species of coral-dwelling decapod crustaceans are commonly found in waters off southernmost Hainan Island: Alpheus lottini and alians, Synalpheus demani, and congener Coralliocaris species, Jocaste species, Saron mammoratus, Thor amboinnensis, Th. paschalis, the coral reef crab Trapezia species, Tetralia species, and Thalamita species. In addition, some typical Indo-Malaysian Table 3 . Number of different kinds of cold-water and warm-water species of invertebrates and fishes recorded in the Yellow Sea [8] . tropical species of fishes and other invertebrates are also commonly found in Hainan. Long-term investigations have proved that some typical tropical stenothermic species have not been found in Hainan waters. Species not found include the echinoderms because southernmost Hainan and south and east Taiwan coasts are located at the northern limit of coral reef distribution. The reef structure and reef communities are not typical, and certain typical species such as Tubipora musica, Heliopora aerulia, Acropora echinata, A. palifera, Stylophora species, and Seriatopora species have not been found along the Hainan coast. Other typical species not recorded here are Heterocentrotus mommillatus, Metalia dicrana, Actinopyga ananas, Thelenota ananas, Choriaster granulatus, Linckia multifora, Ophiothrix trilineata, etc.; the mollusks Conus leopardus, C. legatus, C. tenuistriatus, Cassis cornuta, Strombus erythrinus, S. dentatus, Malleus regula, Fimbria fimbria, F. soverbii, Tridacna gigas, Hippopus hippopus; the crustaceans Thalamita coeralepes, T. tenuis, T. demani, and Percnon species, etc. These species are main components of the Indo-Malaysian Tropical Faunal Region and indicate that Hainan is really at the edge of the tropical biotic region. The shelf of the northern South China Sea includes abundant distributions of decapod crustaceans and bivalve mollusks. Among the 146 species of penaeid shrimps and 126 alpheid shrimps recorded in the South China Sea, the common and dominant species are Atypopenaeus compressipes, Metapenaeus affinis, M. ensis, M. jouneri, M. moyebi, M. intermedia, Parapenaeopsis hardwickii, P. tenella, P. cornuta, P. chinensis, P. hungerfordii, Trachysalambria curvirostris, T. longipes, T. albicomes, and the solenocerids Solenocera crassicornis, S. koelballi, S. albicristatus, Metapenaeopsis barbata, and M. sinica. Additionally, more than 15 species of Merepenaeopsis are commonly distributed in the shelf sea, Figure 6 ). They are characterized by high biodiversity. The tropical and subtropical biotic elements transported by the Kuroshio and other warm currents from the south include many species common to the South China Sea, and some are endemic to the China seas (Bohai-South China Sea) having large populations with high economic value in local fisheries. They are dominantly distributed in the eastern and southern shelf seas of mainland China (East and South China seas) (also in Japan) in high abundance. These species include, among others, the well-known large yellow croaker Larimichthys croacea, the small yellow croaker Larimichthys polyactis, the Chinese shrimp Fenneropenaeus chinensis, the Chinese Maoxia (Akyami) Acetes chinensis, the shrimps Palaemon gravieri, P. tenuidactylus, Exopalaemon annandalei and Chinese krill Pseudeuphausia sinica; and the bivalve Trigonothracia jinxingae. Large populations of these endemic species together with the other tropical Indo-Malaysian fauna distributed abundantly in shelf areas have supported a strong fish and shrimp fishery of the East China Sea.
It was found that many warm-water species of invertebrates are dominantly distributed in the shelf of the South and East China seas, such as the penaeid shrimps Metapenaeopsis dalei, M. barbata, Parapenaeus fissuroides, Solenocera koelbelli, M. tenella, M. provocatoria longirostris, Solenocera alticariata, Parapenaeopsis hardwickii, P. tenella, Trachysalambria curvirostris, and Metapenaeus joyneri and the caridean shrimps Palaemon grvieri, Plesionika izumiae, Procletes laevicarina, etc. The rich resources of these species have supported a strong penaeoid shrimp fishery since the late 1980s and made great contributions to local fisheries together with the above-mentioned endemic species of China shelf seas [26, 27] .
In coastal shallow waters, low-salinity species such as Exopalaemon carinicauda, E. annandalei, Palaemon tenuidactylus, Leptochela graciis, Alpheus distinguendus, and A. japonicus are dominant.
3. Temperate fauna of the Yellow Sea. Marine fauna of the Yellow Sea (where the summer bottom-water temperature does not exceed 10uC in the north and 12uC in the south) belong to the North Pacific Temperate Biotic Region [24, 25] . They are dominated by cold-water species represented by the ophiurids Ophiura sarsii vadicola and Ophiopholis mirabilis; the bivalves Thyasira tokunagai, Clinocardium californiense, Nucula tenuis, and Musculus nigra; the decapod crustaceans Oregonia gracilis, Pagurus ochotensis, P. pectinatus, Heptacarpus camtschaticus, Eualus gracilirostris, E. spathulirostris and Crangon hakodatei, C. uritai; and the sponge Suberites domuncula. Most of these species are common to the Yellow Sea and northern Japan (and sometimes also to Russian Siberian seas) [8] .
For most dominant cold-water benthic invertebrate species mentioned above, the distribution range is limited to the Yangtze River mouth, between the Yellow Sea and the East China Sea [26] , although the range of some species extends southward to the Zhoushan Archipelago in the northern part of the East China Sea. The boundary between the tropical-subtropical biotic region and the warm-temperate biotic region extends roughly from the Yangtze River Estuary eastward to Niigata, northern Honshu, Japan, and north to Cheju Island and the Korea Strait. The boundary between the China-Japan Subtropical Subregion and the Tropical Southern South China Sea Subregion extends roughly from mid-or southern Vietnam to Amami Ohshima Island, north of Okinawa, Japan, through the southernmost sea area off Hainan Island and the southeast coast of Taiwan. There, scleractinian corals and coral communities are dominant and rich in species.
The marine biota of the shallow water of Yellow Sea are characterized by a small number of eurythermic warm-water species together with some cold-water (temperate) species that can adapt to lower temperatures in winter or higher temperatures in summer. Although the number of species is comparatively small, they represent large populations that have large economic value in local fisheries.
In his work on the biogeographic characteristics of the marine biota of the northern Pacific waters, Briggs [27] recognized a coldtemperate fauna inhabiting the western North Pacific. He named the region the ''Oriental Province,'' of which the southern portion includes the Yellow Sea, the central portion is the Sea of Japan, and the northern portion lies along the Pacific coast of northern Honshu. He wrote that the tip of the Korean Peninsula supports a warm-temperate fauna and cited Ushakov [25] that ''an appreciable number of the polychaete species characteristic of the Far Eastern seas of the USSR were also found in the northern part of the Yellow Sea.'' He noted that ''the resident marine fish fauna of the Yellow Sea apparently consists mainly of cold-temperate species that are also found in the northern part of Sea of Japan.'' The present biodiversity study group argues that the Yellow Sea fauna is warm temperate, being part of the North Pacific Temperate Faunal Region, Eastern Asia Subregion [28] and not affiliated with the Indo-West Pacific warm-water region. Based on this fact, we conclude that the cold-water communities are distributed in high and predominant abundance evidencing high species diversity in deeper areas. The presence of the shallow and coastal water amphiboreal and circumpolar species, such as the well-known abnormal echinoid Echinocardium cordatum, the phyllopod crustacean Nebalia bipes, and the bivalve mollusk Mya arenaria, in the Yellow Sea [8] indicates that both cold-and warm-water species coexist in the shallow waters. A few eurythermal warmwater species, mainly shrimps, crabs, and bivalves, are abundant in shallow waters of the Yellow Sea and Bohai Sea, and almost all are fishery resources of economic importance. In addition, more warm-water (subtropical) species and some cold-water (temperate) species coexist along the south and southeastern coasts of Korea Peninsula [8, 32] .
4. Plankton communities. Plankton plays an important role in trophic energy flow and material transfer in the marine ecosystem and food web (food chain) and in biogeochemical circulation. Plankton communities in the China seas have been preliminarily described and discussed since the 1960s. Cold-and warm-water plankton communities dominated the Yellow and northern East China seas and play important roles in maintaining the trophic relationship and biological production of the ecosystem. In addition, their role in the sustainable use of resources has been recognized, analyzed, delineated, and described. Further study of plankton communities of the Yellow and East China seas indicates that the structure and distribution of the plankton community reflects the oceanographic characteristics of the inhabiting seas. The following five communities have been distinguished by Zuo Tao [29] based on new data obtained recently ( Figure 7) (Table 6 ). 4. Yellow Sea-East China Sea Mixed Community (HE) with many temperate coastal low-salinity species -indicator species: Acanthomysis longirostris, Sarsia Japonica, Acartia pacifica 5. East China Sea Coastal Mixed Community (M) with many widely distributed warm-water species -indicator species: Sagitta bedoti, Pseudeuphausia sinica
Changes in marine biodiversity in various sea areas and habitats
In the following paragraphs, results of long-term monitoring studies in (1) a tidal flat in a semi-enclosed bay, (2) a cold-water ecosystem, (3) the tropical coral reefs, (4) mangrove forests, (5) seagrass fields, and (6) shrimp stock enhancement practice are synthesized to show the impact of global climate change and human activities.
(1) Change of benthic fauna biodiversity in a semienclosed bay-a muddy tidal flat in the Yellow Sea. Semi-enclosed embayments are well known for their rich biodiversity and high productivity. Marine environments, ecology, and living resources of the main embayments around China have been studied. These include the Jiaozhou Bay and the Sanggou Bay in Yellow Sea [30] [31] [32] [33] , the Xiangshan Harbor in East China Sea [34] , the Quanzhou Bay [35] and Xiamen Bay [36, 37] in Taiwan Strait, the Daya Bay [38] and Sanya Bay [39] in northern South China Sea [40] . Long-term monitoring indicates that data obtained by intensive sampling are valuable for biodiversity analysis.
Great changes in species composition, biodiversity, and abundance have been found in coastal industrial areas impacted by coastal exploitation, eutrophication, pollution, and habitat loss. Species composition and abundance of intertidal benthic fauna and flora of a sandy mud tidal flat in Cangkou on the east coast of Jiaozhou Bay on the Yellow Sea was monitored along a depth gradient between 1935 and 1988 (Table 7) . A total of 63 species of benthic invertebrates dominated by Mollusca and Crustacea were found in 1957 [41] ; while 141 species (52 Crustacea, 41 Polychaeta, 40 Mollusca, and 3 Echinoderms) were recorded in 1963-64 [32] ; and 164 species were found in 1967-68 [30] . Unfortunately, only seven species were found in the 1980s and no living benthic animals were found at the same locality after 1989. The biodiversity was also greatly changed after the 1970s because of heavy industrial pollution and the great change in the intertidal environment due to coastal exploitation [30] [31] [32] .
(2) Global climate change and biodiversity of cold-water fauna of the Yellow Sea. As mentioned earlier, most part of the Yellow Sea is less than 100 m deep. The marine fauna of this area consists of three major elements:
(1) the cold-water species of North Pacific temperate fauna, most of which inhabit central deeper parts of the Yellow Sea more than 40-50 m deep (species such as those mentioned above); (2) the eurythermal warm-water species that dominate the shallow and coastal waters, some of which are endemic to the China seas and characterized by large populations (e.g., the shrimps Fenneropenaeus chinensis and Acetes chinensis, and the Euphausid Pseudeuphausia sinica); and (3) the warm-water elements that dominate offshore deep waters of the East China Sea and the southernmost part of the Yellow Sea affected by the Taiwan Warm Current and the Yellow Sea Warm Current [24] .
Available data and information indicate that the cold-water faunal elements of the Yellow Sea are now declining or even becoming locally extinct under the impact of global climate change (warming). Such is the case of the tellinid bivalve Peronidia zyonoensis, which has been recorded in the East China Sea since about 6 B.C. [42] , but it is now locally extinct in this area, while living individuals can still be found in colder waters in the northern Sea of Japan (Russian Far East) and the east (Pacific) coast of Honshu, Japan.
Great changes in structure of some benthic biocommunities have been found that may be the result of global changes in climate and water temperature. Recent investigations have revealed that populations of some cold-water species previously dominating the area, such as Pagurus ochotensis, Oregonea gracilis, and Pandalus prensor, are now in decline and are becoming rare in the Yellow Sea. This decline indicates that significant changes in species composition and abundance of certain cold-water species have occurred (Figure 8 ). and the Dongsha, Xisha, and Nansha islands. Table 8 shows the number of species in different parts of the China seas [43] . The coral reef structure is mainly atolls in Nansha, Xisha, and Dongsha islands and fringing reefs along the coasts of Hainan and Taiwan islands. Coral reefs along the mainland provinces consist of scattered polyps of individual species not forming a fringing reef. High biodiversity was recorded from the Nansha Islands in the southern part of the South China Sea. A total of 6,500 marine species, including 200 species of reef-building corals, have been recorded from the atolls of the Nansha Islands [23] .
High biodiversity has been observed and described in the southernmost area of Hainan Island, Luhuitou, Sanya City [44] , but changes in the composition and distribution of corals along a vertical gradient within the reef were observed between 1958 and 1990-1992 [45] . In contrast, no great changes in species composition within this time frame were observed in the subtidal zone communities [44, 45] (Table 9) .
In 1976 and 1977, a group of marine biologists led by Academician C. K. Tseng [46] studied the reef structure and zonation of the coral reef and algal ridge at Jinyindao atoll, Xisha Island. This baseline is valuable in documenting changes in the structure of the atoll. Based on the dominant coral species inhabiting the northeast and southwest transect of Jinyindao atoll at low summer tides, several zones were established. In the northeast (960 m), these zones are: The records are valuable for references to monitor and assess the change of reef structure of the Xisha atolls.
(4) Conservation of mangrove forests. There are 37 mangrove and semi-mangrove species recorded from the China seas. Exploitation and construction in coastal zones and increased impacts caused by human activities in the coastal area have seriously damaged mangrove forests, which are exploited by local peoples for fuel and to obtain dyes. The total area of China's mangrove swamp has decreased since 1950, although some recovery has been observed since the 1990s (Table 10) [47, 48] .
In addition to conservation measures to protect mangrove ecosystems from impacts caused by human activities, ecological and other basic studies of mangrove ecosystems and biodiversity of mangrove birds and insects are now being conducted with the support of the National Science Foundation and local governments. Useful information and valuable data related to biodiversity conservation have been collected. Recognizing the important role that mangroves play in protecting the shoreline against erosion, people have introduced and transplanted mangrove trees to conserve the swamp environment. Mangroves have also been introduced from neighboring countries.
(5) Seagrass field study and conservation. Species composition of seagrass flora is different in northern and southern China seas (Table 11 ) [43] . Temperate species belonging to the genus Zostera are abundantly distributed in the Yellow and Bohai seas, where six species have been recorded, including Z. japonica, a subtropical species commonly found much farther south in Hong Kong. Phyllospadix japonica and P. iwatensis are other temperate species commonly found in northern China.
In the absence of conservation practices, a serious decrease has occurred in the Zostera bed area along the coast of north China. However, seagrass fields in southern China are better protected than those in the north. In Hainan, a natural reserve has been established to protect seagrass beds of tropical species of the genera Thalassia, Enhalus, and Cymodocea [43] . The Dugong dugon is the most important seagrass grazer in southern China and is also an emblematic protected species (Figure 9 ). This species used to be abundant in the southern provinces of Guangxi, Guangdong, and Hainan with an estimated population of 216 individuals between 1958 and 1962. At present, despite its protected status, the dugong is rarely found and the species is considered to be endangered and almost collapsed. (Figure 10 ). The more than tenfold increase in the stock size [49] and the resulting high shrimp recapture in and out of the bay indicate the success of the experiment. A low catch in 1987 was due to a lack of juvenile shrimps available for release. A similar experience was recorded with the olive flounder Paralichthys olivaceus. The successful outcome of these experiments indicates that enhancement of marine living resources should be encouraged for sustainable development. Based on the experiences obtained in the experimental practices, large-scale release of Chinese shrimp fry was carried out from 1987 to 1992 along the Bohai Sea and the Yellow Sea coasts, and more than 5,000 tons of shrimp were recaptured.
Progress in marine biodiversity study
Since the establishment of the Chinese Academy of Sciences (CAS), scientists in the Marine Organism Taxonomy and Table 8 . Number of genera and species of scleractinian corals recorded from several localities of the China seas [47] . Table 12 .
A total of 1,577 new species, 87 new genera, 6 new families, and 1 new subclass have been discovered and described, and many more new records of distribution of marine species in China seas have been found. Results of studies on biodiversity and biogeography in China seas obtained before 1994 were integrated in Marine Species and Their Distribution in China's Seas [50] and summarized in the Great National Physical Geography Atlas of People's Republic of China -Oceanography Chart Set by Liu and Weng (in Liao [51] ). They represent a significant advance in taxonomic and biodiversity studies on marine life. Further efforts have been made and advances achieved in the last 14 years. Many new taxa including species, genus, and family categories were found and described, leading to new understanding of the general features and characteristics of biotic components, biogeography, and biodiversity.
New findings have also been made since 2000 in the assessment of endangered species in China. The newly published China Species Red List, Vol. 1, 2A, 2B, and 3 [52] [53] [54] shows that the number of endangered marine invertebrate species (assessed by scientists of my research group adopting the new criteria of the International Union for Conservation of Nature, IUCN) have been distinctly increased. A new volume of biodiversity monograph entitled Checklist of Marine Biota of China Seas [28] , published in 2008, integrates the above-mentioned new information and data. The Checklist systematically records the scientific names (in Latin and Chinese) of all species (totaling 22,629) of Chinese marine life in 46 major phyla, including original designation, the main synonyms, and the geographical distribution in China seas and the world oceans. The reference literature and systematic index of all taxa are also provided. A total of 5,118 more species (29.2%) were added to those (17,511 species) recorded in 1994. This major compilation indicates that great success and progress in taxonomy and biodiversity studies have been achieved in this short period of 14 years. The increase in number and percentage of marine species was particularly high in the dominant groups of invertebrates. The number of species of crustaceans, for example, increased by 50% to 4,320, and the number of mollusks increased by 53.1% to 3,914. The next is fish (3,012 species), Cnidaria (1,402 species), Polychaeta (1,067 species), Foraminifera (1,478 species), and Diatomeae (1,427 species). Table 2 , based on the Checklist of Marine Biota of Chins Seas, shows the estimated number of undescribed species for all taxonomic groups. Because of inadequate sampling of certain groups in various habitats such as the deep sea and distant sea areas, the number of known species is quite low even in shallow coastal areas. Therefore the potential for discovery of new species in China is very high. Shallow shelf water of the China seas is rich in living resources with high productivity, which strongly supports the marine fishery production. The annual production of both, fisheries (Table 13) and mariculture (Table 14) topped the world countries since the end of last millennium.
The Marine Organism Taxonomy and Phylogeny Lab at IOCAS has assessed species richness of marine life per 100 km coastline ( Table 5 ). The results revealed that species richness depends upon the intensity of the exploration surveys. For example, 501 species of macrobenthic species were recorded from Quanzhou Bay by Huang [36] , while about 770 species were reported in a more recent monitor survey carried out by the Marine Environment and Fishery Resources Monitor Center of Fujian Province [35] from the same Bay (Table 15 ). These results indicate that intensive exploration and collection should be made to obtain accurate data of species richness.
The IOCAS study group led by Sun has participated in the world biodiversity project Census of Marine Life (CoML) since 2004. In the Census of Marine Zooplankton Project, more than 1,000 samples have been collected, including 300 samples from the ''Arctic Ocean, Equator, Antarctic Ocean'' trans-equator transect ( Figure 11 ). Regular zooplankton sampling is carried out seasonally in the Yellow Sea and the East China Sea. In DNA barcoding studies, data of 148 species of zooplankton and 60 benthic shrimps have been submitted. Table 11 . Seagrass species, distribution, and cover in southern China [47] .
Province
Locality Seagrass bed area (ha) Main species
Discussion
Threats to marine biodiversity and conservation efforts
With the rapid development of industrial production in coastal cities, an increase in the intensity of fishing activity in the inner shelf area and a corresponding rise in environmental pollution and decline of living resources, the high biodiversity and richness of marine species and living resources in China seas has seriously decreased. Sustainable development of fishery production seems to be difficult. China has fully exploited the living resources of its coasts and continental shelf. Indeed, many species of living resources of China's coastal areas are overexploited. Examples are the large yellow croaker Larimichthys crocea [15] , the Chinese shrimp Fenneropenaeus chinensis [55] , and the cuttlefish Sepiella japonicus [56] , for which captures in recent years decreased significantly due to population decline and collapse [15, 20] . Tables 13 and 14 show annual fishery production in 2007. The marine catch production of 12,435,480 tons and mariculture production of 13,073,400 tons were valued at ¥104,510.79 million ( = $16.6 billion) and ¥110,796.60 million ( = $17.6 billion), respectively, for a total of ¥ 215,307.39 million ($34.2 billion).
Overexploitation is therefore the most serious problem facing marine biodiversity because it prevents not only recruitment and recovery of the stocks but also the possibility of sustainable development.
Besides the overexploitation of fishery resources, the major threat to the biodiversity of the China seas is environmental deterioration (pollution, coastal construction), particularly in the brackish waters of estuarine environments, which are characterized by high productivity and represent spawning and nursery areas for several species. In the long term, climate change is also a major threat. To maintain and conserve the highly diversified marine biota and the rich living resources of the China seas, the government of China has adopted laws and regulations for their conservation and at the same time has established many natural conservation areas (reserves) and areas or periods of time in which fishing is forbidden. Various research projects have been approved and financially supported. Changes in the biodiversity of various habitats such as intertidal mud flats, coral reefs, and mangrove swamps have been monitored and studied. An assessment of endangered species of major vertebrate groups (mammals [57] , amphibians and reptiles [58] , birds [59] , and fishes [60] ) was published in China Red Data Book of Endangered Animals in the 1990s. More recently, a new Red List of plant and animal species (terrestrial, freshwater, and marine) has been published, based on historical as well as new data, with the threatened category of species assessed using new IUCN criteria [61] . Since 2004 The China Species Red List has documented the increasing number of species endangered by the impact of human activities (mainly overexploitation and environmental pollution) and by global climate change [52] [53] [54] . The China Species Red List is not encouraging as many marine species are regarded as ''endangered'' because of overexploitation for the seafood market or for ''fine art'' collections. Following are a few examples of this trend:
N The Chinese shrimp Fenneropenaeus chinensis is a large endemic species with a high economic value and a high production of more than 40,000 tons in 1979 in north China (mainly Yellow Sea and Bohai Sea). The current population of this shrimp is very small in its natural habitat in North China waters because of overfishing and deterioration of spawning and nursing grounds in the Bohai and Yellow seas. Lost of population in the South China Sea since the end of the last century, the species was assessed as endangered in 2005 [53] .
N The large yellow croaker Larimichthys crocea, another of the most important fisheries resources, has been seriously overfished. Only 167 young fishes were caught during the 1997-2000 exploration survey, leading scientists to estimate that the population of this species on the East China Sea Shelf is 71 tons. Considering that the highest catch of this species was 180,000 tons in the 1980s, the large yellow croaker has also been assessed as endangered [15, 54] .
N The horseshoe crab Tachypleus tridentatus historically has been abundant in the South China Sea, particularly in the Gulf of Tonkin, but is now considered endangered because of overexploitation [45] . species are critically endangered and 4 are extinct [62] .
N Among the 150 species of holothurid echinoderms, 53 are considered endangered due to serious overexploitation.
To address current problems in marine biodiversity studies, the following suggestions have been put forward [8] :
N Strengthen the collection of materials (specimens) for marine biodiversity study by carrying out a biodiversity background value survey and deep-sea collection cruises to discover new species and reveal the past and present abundance of major species and biological communities while forecasting their future. Intensive collections and study of deepwater marine biodiversity should be made to discover new species and to reveal past, present, and future trends of major species and biological communities.
N Carry out biodiversity monitoring surveys in various habitats around the country to assess their present status and to understand the processes and mechanisms of global climate change and human activities that have an impact on biodiversity.
N Strengthen basic research on change of marine biodiversity, particularly the assessment and conservation of biodiversity and endangered species for sustainable development.
N Minimize the disparity between the study and conservation of marine and terrestrial (including freshwater) biodiversity, and effective management. To achieve this, young scientists, particularly taxonomists, should be trained to study different biotic groups systematically.
N Strengthen conservation management to achieve more effective management of fisheries resources.
Known, unknown, and unknowable
Although significant advances have been made in marine biodiversity research in China since the 1950s through data collection and the formal description of species, much remains to be done. The biogeographic features and habitat of the deep sea and the southern China seas have not been well explored. Taxonomic coverage of many groups such as those that comprise the meio-and microbenthos-the nematodes, harpacticoids, and ostracod crustaceans, etc.-is incomplete in our present data, which comes largely only from northern Chinese waters. The study of ecosystem structure and function has been particularly neglected in ''the utmost environment''-the Yellow Sea Cold Water Mass-which is considered a refuge for North Pacific Temperate Fauna. Exploration and study of the bathyal and abyssal depths of the South China Sea, including the sea mountains, the hydrothermal vents, and cold-water seeps as well as the abyssal plain and rocky trenches, should be strengthened. 
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